Pseudo weather data with a high temporal resolution are of use in many fields including the modelling of agricultural systems, the placement of wind turbines and building thermal simulations. With the publication of the 2009 UK Climate Projections (UKCP09) such data can be created for future years and for various predictions of climate change. Unfortunately such -UKCP09 -data does not include information about wind speed or direction due to a lack of robustness. Here we demonstrate a methodology for generating such wind data on an hourly time grid from a consideration of the potential evapotranspiration reported by the UKCP09 weather generator and information related to the correlation between observed wind speed, direction and time of year. We find our pseudo wind data is consistent with the historic observed wind. Furthermore, when used within a dynamic thermal simulation of a building, the use of such pseudo wind data generates a consistent internal environment in terms of ventilation rates, temperatures and energy use that is indistinguishable from simulations completed using historic observed weather for both single-sided and crossventilated buildings. Practical applications: The methodology presented in this paper will allow academics and building engineers to create realistic hourly wind speed and direction data for inclusion with the future climate data of UKCP09. This will allow the creation of consistent future weather years for use in areas such as building thermal simulation.
Introduction
Predictions of the world's climate point to an increasingly warmer world, with greater warming across land and away from the equator. 1 Predictions contained in the Intergovernmental Panel on Climate Change's (IPCC) fourth assessment report indicate projected mid-latitude mean temperature rise over land of $48C (under the A1FI scenario) 1 and recent research 2 shows that current emission trends imply that the actual temperature increase could be far higher than the A1FI scenario suggests. This implies that several highly populated regions not used to high temperatures could be exposed to a very different summertime experience. As the events in Paris in 2003 showed, temperature rises and reductions in the range of the diurnal cycle within the built environment can have life-threatening consequences and require a substantial response from emergency services. 3 Based on the historical climate, temperatures such as those seen in Europe in 2003 have been estimated to be 1-in-1000 year events. However, modelling by the Hadley Centre shows that, projected anthropogenic climate change could make temperatures like a 2003-type summer about average by 2040. 4 This will clearly have a great impact on the energy consumption of air conditioned spaces and the thermal comfort of non-conditioned ones. It is likely that one of the strategies that will be deployed to prevent overheating is an increase in ventilation rate. For many buildings, the amount of airflow through them depends on the wind speed, and to a lesser extent the wind direction. There is, therefore, the need to model buildings with weather files that not only represent future temperatures but also include wind speed and direction.
The creation of future weather files
Given statements of future climate by the IPCC and others 5 a time series of typical future weather can be assembled in one of several ways, for instance by using recorded historical data for locations whose current climate matches that predicted for the location in question. This has the downside that certain weather variables, such as solar angle and hours of daylight, will be incorrect. Other methods include interpolating (in space and time) the time series produced by a global circulation model, or to run a high resolution (in space and time) regional climate model embedded within a global circulation model. All these methods have advantages and disadvantages, which are discussed in more detail by Belcher et al. 6 Belcher et al. 6 developed a methodology for transforming historic weather files into future weather years (time series) representative of different climate change scenarios by the use of a set of simple mathematical transformations. The simplicity of this method has made it attractive to building scientists. In this method hourly weather data for the current climate is adjusted with the monthly information provided by climate scenarios derived from a regional climate model (in the case of the UK, the output from UKCIP02 7 ). This methodology is commonly termed 'morphing'.
The morphing process has the advantage that it starts from observed weather from the location in question, the variables output are likely to, therefore, be self-consistent and it is relatively simple to undertake given the resources available to building scientists. However, it does not allow for fundamental changes in the weather, with for example, weather systems following alternative trajectories across the landscape than they historically have but this is an area of the climate science where there is considerable uncertainty. Another approach, and the one used as part of the latest set of climate change projections for the UK UKCP09, 8 uses the projected future time series (i.e. the UKCP09 weather generator that is capable of producing hourly time series (i.e. the UKCP09 weather generator works at the daily time step, but these outputs can be disaggregated to produce hourly outputs). The weather generator can produce a large number of time series of plausible hourly weather variables for a location, it is calibrated based on historical observations and perturbed using the change factors from UKCP09. Statically representative, or extreme, periods of weather can then be selected by using an appropriate statistical method.
UKCP09 uses data from a range of climatic models to build up a probabilistic set of projections. 9 The UKCP09 weather generator allows the creation of many future weather files indicative of a future 30-year period under a particular emissions scenario. The different emissions scenarios represent a set of comprehensive global narratives that define local, regional and global socio-economic driving forces of change. 10 Each weather file will have different weather patterns and a different climate chosen from the probability density function of different climatic futures. This probabilistic approach rather than a deterministic one allows for a risk-based analysis by performing simulations using many equi-probable future weather files. Many uses of future weather files where a risk-based analysis would be useful such as the thermal simulation of building designs and wind turbine placement require information about the wind field. However, no representation of future wind is included in the UKCP09 weather generator. This is because there is considerable variation in the changes projected by the many climate models considered in the process of creating the projections with little consistent evidence of a systematic change in wind speed.
Wind speed is considered within the mathematics of the UKCP09 Weather Generator where it is used in the creation of the potential evapotranspiration (PET), but it is not an output. This is unfortunate because, for building scientists and engineers operating under various national building regulations and codes there is the need to model naturally ventilated buildings with a wind field that is consistent with the other weather variables that the building is subjected. This consistency is important because peak external temperatures in the summer, for example, are correlated with low wind speeds and, therefore, with an inability to cool buildings via increased ventilation.
In this paper, we demonstrate a methodology for obtaining such wind data on an hourly time scale using the PET variable reported by the UKCP09 weather generator and incorporating the correlation between historically observed wind speed, direction and time of year taken from the period 1961-1990 5 corresponding to a location closest to the UKCP09 5 km grid reference point. (PET is the daily estimate of evapotranspiration (sum of evaporation and plant transpiration) from a hypothetical reference crop to the atmosphere.)
The creation of mean daily wind speed
from PET Based on the probabilistic projections developed in UKCP09 10 a stochastically based weather generator has been produced by Newcastle University and the University of East Anglia and its partners to provide high resolution time series of plausible weather data on a 5 Â 5 km 2 grid for future 30-year time periods. The weather generator first produces a stochastic representation of rainfall from which weather variables of mean daily temperature, diurnal temperature range, vapour pressure and sunshine duration are generated maintaining the historically observed relationships between the variables. From these variables the direct and diffuse solar radiation, relative humidity and PET are calculated. Using temporal disaggregation, based on observations, the daily values are transformed into an hourly time series while maintaining the daily statistics.
The calculation of PET is based on the Food and Agriculture Organisation's modified Penman method as outlined by Ekstro¨m. 11 The PET is defined as the potential evapotranspiration from a clipped grass surface 0.12 m in height and is given by the equation:
where R n is the net radiation at the crop surface, G the soil heat flux, T the mean temperature, e d the actual vapour pressure, e a the saturation vapour pressure at the air temperature (T), Á the slope of the saturation vapour pressure curve with temperature, the psychrometric constant and U 2 the mean daily wind speed at 2 m. The constants 900 and 0.408 represent the coefficient of the crop and wind coefficient for the reference crop, respectively, in this case of clipped grass. Each of the weather variables are taken at a reference height of 2 m. The temperature and actual vapour pressure are direct outputs from the UKCP09 weather generator while net radiation, soil heat flux, slope of saturation vapour pressure and vapour pressure deficit (e a À e d ) can be calculated. Due to the non-linearity of the relationship between saturation vapour pressure and temperature, the mean daily saturation pressure is calculated as the mean of the saturation pressure at the daily minimum and maximum temperature. Rearranging Equation (1), an expression for the mean daily wind speed consistent with the other variables can be calculated given by the equation:
To demonstrate the validity of this method, weather files with a known wind field can be used to generate the PET. This value of PET can then be used to reconstruct wind speed and compared to the known value. This is not as tautological as it might sound because, within the UKCP09 weather generator the PET is truncated at 0 (PET cannot be negative) and is calculated with an accuracy of only two decimal places.
There are two causes of error within the procedure. First when the PET is calculated to be below 0 mm/day, it is truncated at 0 mm/day. This mainly occurs when the relative humidity is at 100% and mainly in the winter. The calculated wind speed in this case represents the wind speed, which is required to give a PET of exactly 0 mm/day regardless of the true value. If the calculated wind speed is calculated to be below that found historically the data point is kept to not prejudice against the case of a given wind speed producing low or zero PET, else, it is recorded as missing. Secondly, when the differential of PET with respect to wind speed is high, the calculation is not precise. This is because two decimal places, as reported by the UKCP09 weather generator, are not sufficient to give an accurate wind speed since very small changes in PET create very large changes in the calculated wind speed if the differential is large. In this case the wind speed is recorded as missing regardless of the calculated value. In each of the two cases accuracy can be improved by linearly interpolating the missing wind speed from the previous data point to the next. Figure 1 shows the calculation of mean daily wind speed against the observed wind speed for three Chartered Institute of Buildings Services Engineers' (CIBSE) 12 Test Reference Years (Plymouth, London and Heathrow) created from observed hourly data with 1095 days in total. The data shows a clear linear trend with very few outliers. In total 94% of the data is within 5% of the observed mean daily wind speed and Figure 1 Observed mean daily wind speed for three locations against calculated mean daily wind speed reconstructed from PET. The correlation of the data is high with R 2 40.99 for all three data sets 97% of the data is within 10% while linear regression to the data using a least squares fit for each location gives a gradient very close to 1 (1.001 for Plymouth, 1.002 for Heathrow and 0.991 for Manchester) and R 2 values greater than 0.99 demonstrating the goodness of fit. In total only two data points required interpolation and the majority of the scatter is due to PET being output with only two decimal places.
Temporal downscaling of the wind speed
The hourly time series output by the weather generator, although consistent with the daily weather, does not include hourly PET and hence the mean daily wind speeds calculated using PET need to be temporally downscaled to generate an hourly time series.
There are several methods that could be used to generate an hourly wind signal. It is possible to generate a wind speed time series by rolling a dice to determine a probabilistic wind speed dependent on the generated hourly variables and observed weather, that is a wind field probabilistically consistent with the other weather variables. Unfortunately this method would require knowledge of a relationship between how the future storm tracks relate to the future weather. There is no current consensus 9 for how in the UK the wind speed is likely to change in the future with considerable variation in the changes projected and little consistent evidence of a systematic change in the wind speed for the UK where the effects of climate change on wind speed will be masked by the wide range of natural variability in the wind field. In fact it is found that there is little correlation between the historically observed mean daily wind speed and the mean average temperature in the UK, as shown in Figure 2 . For example, in the winter, low wind speeds can be observed at low temperatures caused by an anticyclone bringing prolonged clear skies combined with longer nights cooling the land. Alternatively cyclonic weather patterns can cause strong northerly winds to carry cold air masses from the Artic. However, there are clear differences in the shape of the distribution for the each of the different seasons. In the summer (June, July and August) there are fewer occurrences of strong winds (greater than 10 m/s) at high temperatures (greater than 198C) where as in the winter (December, January and February) there are fewer occurrences of strong winds at low temperatures (below 08C) although both situations will be caused by high pressure systems. Similarly no trend is found between wind speed and temperature in the seasons Autumn and Spring (not displayed).
An alternative method for downscaling wind speeds and the one used in this paper is to use an observed hourly wind signal to produce a realistic wind pattern corresponding to the generated mean daily wind speed. For this method, observations of wind speed from the base period (1961-1990) 13 corresponding to a location closest to the UKCP09 5 km grid reference point are grouped by mean daily wind speed and season. These observations are compared to the mean daily wind speed calculated by the PET calculation given in Equation (2) . Assuming that daily to hourly relationships would not change in the future, the set of 24 (hourly) observations of wind speed which has a mean closest to the daily wind speed derived from PET values, is then assumed to best represent the hourly wind speed at that location for that day. This is represented as the set for which a j is smallest given by:
where W ij Obs is the observed wind speed on day j and hour i and W PET is the calculated daily mean wind speed. In the case of more than one observed set generating the same value of a, and, therefore, being an equally good fit, the 24-h series is selected randomly from the set of equally good observations. In the case of missing data points in the observed historic time series, only days with more than eight readings are used with all missing data linearly interpolated to create a full 24-h sequence.
The creation of wind direction
Dynamic thermal models of buildings such as the Integrated Environment Solutions Virtual Environment 14 require the wind direction as well as the wind speed. Unfortunately, the UKCP09 weather generator also does not provide any information about wind direction. Without knowledge of the pressure systems, which are dominating the generated weather on a spatial and temporal basis, the wind direction is impossible to calculate from first principles. Instead our approach is to insert a probabilistic wind direction, based on historical observations from the period 1961-1990, which corresponds to the hourly weather signal, specifically, the season and the hourly wind speed. The North Atlantic Ocean Circulation (Gulf Stream) is likely to weaken in the future under increasing greenhouse gas emissions but has not been modelled to produce a complete or abrupt shutdown. 9 The weather in the UK is likely to be dominated by similar pressure systems in the future so we assume that inter-variable relationships from current observations can be considered a valid representation of the future weather patterns. The wind direction is inferred by using observations to determine a probabilistic distribution relating wind direction, wind speed and season. Every 6 h the wind direction is randomly generated from the hourly wind speed and season constrained by the observed distribution. All other hours are then linearly interpolated to create an hourly signal. The value of six hours has been chosen as a compromise to allow the wind direction to change frequently but also to prevent large inter-hour changes and is based on a spectral analysis of observed wind data. The complete temporal downscaling wind speed and direction method is illustrated in the flow diagram shown in Figure 3 .
Statistical comparison of pseudo wind and observed wind
In order to test the validity of our method for creating pseudo wind fields we need to compare it to historical observations. To do this, 15 versions of the Plymouth test reference year (TRY), which is based on observed data 15 were created. Each version contained a pseudo wind field calculated using the methodology outlined in this paper. These pseudo TRYs were then compared to the original TRY.
Due to a lack of observations (approximately 2700 per season) the observed wind speed time series is selected randomly from observed mean daily wind speeds that are within 10% of the calculated wind speed. This method allows for the error in the calculation procedure, as discussed above. The majority of the results are found to be within this 10% margin as demonstrated in Figure 1 . This method also ensures that the same wind speed is less likely to be selected for the same calculated mean daily wind speed twice, although, for higher wind speeds there are fewer observations available as shown by Figure 2 being the only limited factor. Since the method is based on a random selection from possible observed hourly wind speed and wind direction, it increases the likelihood of a different wind field being produced each time the method is used. Figure 4 shows that in each case the created wind speed contains most of the features of the original TRY. The corresponding Linearly interpolate all missing data in the hourly time series Table 1 . For each of the 15 pseudo weather files the mean annual pseudo wind speed is found to correlate well with the original weather file within an error margin of less than 2%; however, it is found that the annual pseudo wind speed is generally underestimated. This is because of the selection procedure. For larger wind speeds, there are more observations 10% below the calculated mean speed than above, giving a bias towards a lower value. Although over the whole year this effect is small. This error could be reduced if a lower tolerance is used (e.g. 5%) or more observations were available. It is also found that the standard deviation of the created wind speed is within 3% of that of the original file. Since a complete 24-h set of historic wind observations is used to replace the daily mean, the distribution should be very close to that of the original file and in fact both the F-and Tstatistics show that the differences in the distributions are not statistically significant. Table 1 shows that there is a large difference on an hourly time scale with a mean difference of the order of 2 m/s. On a daily scale, however, the mean difference is under 0.4 m/s and on a monthly scale the mean difference is only 0.12 m/s. This is as expected as the wind speed in the TRY is only a single statement of the possibilities of the wind speed in a particular hour. Over a longer time scale (daily or monthly) these differences are negligible. The distribution of wind direction for both the original TRY and all artificial TRYs is shown in Figure 5 . Although there are some minor differences, the artificial wind direction matches the TRY wind direction wellreplicating the prevailing wind as well the peak around 908. The differences are because the TRY is an observed snap shot of the natural variability in the wind climate whereas the artificial wind direction is a statistical representation of the whole observational base climate. Also, for simplicity our method assumes 1 h is not dependent on the previous so the interpolation does not follow the same statistical trend. However, the differences are not statistically significant and For example the wind speed of the TRY has a 35% chance of occurring from a south westerly direction (between South and West) as shown by Figure 5 implying that the wind direction is more likely to not come from the prevailing wind.
We can see that the 15 complete artificial wind fields match well with the wind field of the TRY. Figure 4 shows that, as expected, although the calculated wind speed is different at any given time to the TRY, all 15 calculated wind speeds follow the general trends of the TRY and Figure 5 shows that the 15 artificial wind directions create a wind rosette comparable to the original TRY. The TRY is merely a snapshot of the possible wind direction distribution where as the 15 artificial wind direction contains information from the whole 1961-1990 period and hence we would not expect the match to be better than that demonstrated.
Comparison of pseudo wind and observed
wind within a thermal model Although our method has been validated against observations with the distributions of wind speed and wind direction matching well with the modelled values, the instantaneous values can vary dramatically. To provide a further test of our wind downscaling method, the 15 weather files used above were compiled into a format read by common building simulation software. Simulations of a set of buildings using the 15 files and TRY were then compared to check if the calculated wind field produces results consistent with the TRY for modelled internal airflows using an industry standard dynamic thermal modelling program (IES). The purpose of this is to examine if the instantaneous differences in wind speed and direction have adverse affects on the results produced by a building thermal simulation. In the UK the majority of buildings are naturally ventilated with either single sided or cross ventilation. Hence, wind speed and to a lesser extent direction can Probability (%) have a profound effect on the internal temperatures and human comfort levels within buildings. All the models include dynamic opening of windows based upon internal temperatures and occupancy. Airflow through window openings is calculated using a zonal airflow model to calculate bulk air movement in and through the building (Macroflo), driven by wind and buoyancy induced pressures across the building. For cross-ventilated building designs the airflow through window openings is highly dependant upon the calculated wind pressure differential across the building, this requires knowledge of both wind speed and direction. For singlesided ventilation designs airflow through an opening is governed by turbulence and is dependent on the temperature gradient across the opening and wind speed. For single-sided ventilation the wind direction has little effect. Dynamic thermal simulations were carried out for two houses, an office block, a set of apartments and a secondary school. Details of these constructions can be found in the appendix. Table 2 shows the averaged maximum and averaged mean values of the simulated airflow (L/s) for the 15 artificial wind fields in the different thermal models, the values for the TRY are also shown for comparison. While the percentage difference in the maximum airflow is up 25%, the mean differences are seen to be very small (56%). To explore this effect further the variation in the mean and maximum airflow for all the rooms within the secondary school for the 15 artificial wind fields and the TRY are shown in Figure 6 . The maximum airflow varies from À12.5% to þ15.2% but this is a measure of the maximum instantaneous airflow and it demonstrates the natural variability. Alternatively the mean airflow varies from À2.5% to þ1.3% demonstrating that the average airflow is consistent. The instantaneous differences are simply due to differences on an hourly scale. However, by comparing the mean airflow over an entire year these instantaneous differences average out to give a near identical internal environment. for both single-sided and cross-ventilated spaces. In both cases the internal air temperatures show good correlation, indicating that the artificial wind fields are suitable for use with building thermal simulation software. It is also found that all 15 wind fields produce a total heating energy consumption within 2.8% for the school and 2.6% for the office compared with the TRY over the entire year demonstrating the procedures usefulness when considering overheating risk and energy use predictions for future weather simulations. Similarly for house 1 the heating energy is within 6% of the TRY and both for house 2 and the apartments the heating energy is within 1% of the TRY. Although house 2 has the largest maximum difference compared to the TRY, the mean across the whole set of 15 files is within 0.76% showing the majority of the created weather files have similar heating requirements to that of the TRY.
In each case the variability of the created wind field is much smaller than the natural variability as shown by Figure 9 . Here calculated airflows are for the open plan office used for Figure 7 ; however, the TRY is compared to the other 19 years of 'real' observed weather, which are used to compile the TRY (the list of years used can be found in Table 4 ). Figures 7 and 9 show the same week of data and the airflow generated by the TRY is shown in red in both figures and the scale is the same. The natural variation of the internal airflow (and hence wind speed) generated by the 19 historical data sets is far greater than the variation of the 15 artificial data sets.
The TRY used was for Plymouth and is based on historical observations from the period 1983-2004. Some years such as 1991 contain missing data. Although, the available months were used to compile the TRY, the incompleteness means that these years have not been included in this table. Comparison of the statistics displayed in Tables 3 and 4 again demonstrate that the natural variability between the 19 different observed wind fields and the resultant internal airflows for different years is much greater than that of the 15 calculated artificial wind fields within a TRY Figure 7 , a list of the years used can be found in Table 4 file and the resultant internal airflows with respect to the TRY. Table 4 shows that the difference in mean hourly airflow for the office is up to 11% compared to that of the TRY while for the difference for the 15 pseudo weather files is much smaller at 1%. The difference between the TRY and the base observed weather is generally a factor of 2 larger than the set of pseudo weather files. It is found that the difference between the TRY and other weather files airflow gets smaller as the timescale is increased from daily to weekly and then to yearly but the magnitude of the difference for the observed base set is generally much greater on all time scales. While the hourly means and standard deviations of the internal airflows caused by variation in the external wind field is comparable for the 15 artificial data sets and the 19 observed data sets, the variation is much smaller for the 15 artificial data sets if the maximum variation is considered on an hourly, daily or monthly scale.
Conclusions
In this paper, we have shown that an artificial wind field on an hourly grid can be created from knowledge of the PET and the use of historical observations of wind speed and direction. We have shown that this generated wind field is consistent with observations both statistically and when run through an industry standard dynamic building thermal simulation program. It is found that although the hourly variation is high, the natural variability of the wind is much greater than that of the wind field generated by our method when considered on a daily, monthly and yearly time scale. The methodology outlined in this paper allows a realistic hourly wind field to be created from the data output by the UKCP09 weather generator allowing this powerful tool to be used for the creation of building simulation weather files. 
